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I. INTRODUCTION
The low-energy states of the odd-mass I isotopes (Z = 53) are formed by a coupling of the odd proton to the levels of neighboring even-even Te nuclei. Bands of low collectivity are observed up to the medium-spin region. At higher energies, however, these nuclei exhibit a more complex structure with coexisting weakly collective and noncollective quasiparticlealigned configurations. Energetically favored noncollective oblate states with spins between 39/2 and 63/2 have been observed in odd-A I isotopes [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . In a recent spectroscopic study of 125 I, three maximally aligned states involving all eleven particles outside the 114 Sn core were observed [11] . In addition to these states, noncollective states with the angular momentum of one and two particles antialigned with respect to the rotation axis were identified in this nucleus. The number of such antialigned states observed to date is rather limited. The first case was the I π = 40 + state in 158 Er [12] , where a neutron of h 9/2 f 7/2 character is antialigned relative to the maximally aligned configuration with I π = 46 + . Similar states were found later also in 156 Er, 157 Er, and 159 Er [13] [14] [15] . In the mass-125 region, in addition to 125 I, such a state was reported only in 121 I [10] . Higher-spin states, beyond the full alignment of the valence particles, can only be created by energetically expensive particle-hole excitations from the core. This type of excitation was observed, e.g., in 155−158 Er [13, [16] [17] [18] , where many weakly populated states, lying between 1.0 and 2.5 MeV above the terminating states, were delineated. Such excitations, feeding maximally aligned states, were also reported in 121 I [10] . The A 160 and 120 mass regions exhibit certain similarities. Proton particle-hole excitations across the semimagic Z = 64 shell gap in the Er isotopes are analogous to neutron excitations across the N = 64 core in the A 120 region [19] .
A particularly interesting feature of the A 120 region is the occurrence of highly deformed rotational bands extending into the I = 50-60 region [20] [21] [22] [23] [24] . Their configurations involve neutron and proton excitations across the N = 82 and Z = 50 shell gaps, respectively. Transition quadrupole moments, estimated from Doppler-shift lifetime results, lie between 4.3 and 5.9 b [21, 22] .
In the present work, we report on an investigation of the high-spin structure of 123 I. The previously known level scheme [5, [25] [26] [27] is extended considerably. Maximally aligned valence-space configurations and states with one particle antialigned have been discovered. In addition, a large number of weak, high-energy transitions, probably depopulating core-breaking excited states, have been observed to feed the fully aligned, noncollective levels. Furthermore, three highly deformed collective bands have been found as well. However, they will be discussed in a forthcoming publication [28] .
In Sec. II, the experimental setup and the data analysis are briefly described. The experimental results and the 123 I level scheme are presented in Sec. III, followed by a discussion of the results within the framework of the cranked NilssonStrutinsky (CNS) model in Sec. IV. A brief summary of the present work is given in Sec. V.
II. EXPERIMENTAL DETAILS AND DATA ANALYSIS
High-spin states in 123 I were populated in the heavyion fusion-evaporation reaction 80 Se( 48 Ca,p4n) 123 I. The 48 Ca beam of 207 MeV was provided by the ATLAS accelerator at Argonne National Laboratory. The target consisted of a 0.6 mg/cm 2 layer of 80 Se evaporated on a 0.3 mg/cm 2 Au backing. The Se foil was protected by a 0.04 mg/cm 2 Au layer. The target was mounted on a rotating wheel and the beam was slightly defocused and wobbled horizontally. With these precautions it could withstand a beam intensity of 4 pnA without damage over the time of the experiment. Gammaray coincidences were measured with the Gammasphere spectrometer [29] consisting of 101 Compton-suppressed Ge detectors. In a beam time of 10 days, a total of 2.7 × 10 9 events, with a Ge-detector coincidence fold 4 were collected. Although the main motivation of the experiment was to search for hyperdeformed structures in 124 Xe, excited states in 123 I were populated with sufficient intensity to motivate the present study.
In the off-line analysis, the coincidence events were sorted into γ -γ matrices, γ -γ -γ cubes and γ -γ -γ -γ hypercubes. The software package RADWARE [30] was used for the data analysis. To determine angular distribution ratios, R θ , the coincidence events were sorted into two matrices. One matrix contained events detected at forward and backward (fb) angles, close to average positions of 35
• and 145
• , respectively, on one axis and all events (all) on the other axis. The second matrix contained events detected close to 90
• (90) on one axis and all events on the other axis. A calibration to transitions of known multipolarity shows that the ratios R θ = I (γ 2 f b , γ 1 all )/I (γ 2 90 , γ 1 all ) lie around 1.4 and 0.6 for stretched quadrupole and dipole transitions, respectively.
III. RESULTS AND LEVEL SCHEME
The level scheme of 123 I based on previous work [5, [25] [26] [27] and on the present results is displayed in Fig. 1 . Angular distribution ratios and information on interband transitions were used to propose spin-parity assignments. The parities of the low-to medium-spin states were adopted from previous work [26] . Furthermore, for some of the new higher-spin levels, parities were determined in a recent linear polarization measurement [31] . The γ -ray energies, intensities, angular distribution ratios, adopted multipolarities, level energies, and spin-parity assignments for transitions observed in 123 I are listed in Table I .
The bands labeled 1 to 3 in Fig. 1 were known from previous work [26, 27] . A new transition of 551.8 keV has been observed between the 23/2 + level of band 3 and the 19/2 + state of band 1. Furthermore, the multipolarity of the 346.3-, 413.8-, and 796.0-keV transitions of bands 2 and 3, respectively, was determined for the first time. The bands labeled 4 to 6 in Fig. 1 were established previously up to I π = 41/2 + , 31/2 + , and 47/2 − , respectively [5, 26] . In the following, only the new medium-and high-spin features of the latter bands will be discussed.
A. Medium-spin results
In the present work, bands 4 to 6 were extended to considerably higher spins and excitation energies. An irregular structure with a cascade of seven γ rays with energies of 519.5, 692.2, 747.7, 148.2, 1210.1, 258.6, and 757.7 keV was observed in coincidence with transitions from the lower part of band 4 and is labeled 4a in Fig. 1 . In Fig. 2 Negative-parity states in 123 I were previously known up to the 47/2 − level of band 6 [5] . The present experiment reveals higher-spin transitions up to I π = 59/2 − and an excitation energy of 10.837 MeV. A representative triple-gated coincidence spectrum for band 6 is displayed in Fig. 3 .
The 801.2-and 990.5-keV transitions reported in the previous work [5] (1) + state of structure 4a shows the linear polarization of a stretched E1 transition [31] . These results establish negative parity for the new high-spin levels of band 6.
Several transitions connect the levels of structure 4a and band 6 around I π = 43/2 + and 61/2 + , respectively. This explains the presence of transitions above the 43/2 + level of 4a in the spectrum gated by transitions from the lower part of band 6, see A group of transitions with energies of 604.0, 608.3, 859.2, and 877.2 keV has been observed to feed band 6 at the I π = 41/2 − and 43/2 − levels. These γ rays are in coincidence with transitions placed above the 47/2 + state of band 4a. Therefore, a 61.5-keV transition has been tentatively placed between the 47/2 + and 45/2 levels to account for the observed coincidence relationships.
B. High-spin transitions
A large number of rather weak dipole transitions are feeding into high-spin levels of sequences 4a and 6, respectively. In + levels could not be determined.
IV. DISCUSSION
In this section, the new features of the 123 I level scheme, established in the present work, will be discussed. Configurations for the high-spin states are explored within the framework of the CNS model. Of particular interest are the noncollective aligned and antialigned states as well as the core-breaking excitations decaying into these levels.
A. Cranked Nilsson-Strutinsky calculations
Calculations were performed within the framework of the configuration-dependent CNS formalism [32] [33] [34] . Pairing was not included. Hence, the results are relevant at high spin, where pairing is quenched. Within this approach, bands are calculated for fixed configurations, specified by the number of particles in different oscillator shells, N osc , with both signatures. Furthermore, within each N osc shell, a division is made into orbitals having their main amplitudes in the intruder high-j and in the other j -shells, respectively. A search for the lowest-energy states at a given spin is made within a mesh of the deformation space (ε 2 , ε 4 , γ ), treating the collective and noncollective states on an equal footing. For the parameters κ and μ, defining the l · s and l 2 strengths of the modified oscillator potential, the so-called A = 110 parameters [35] are used, which give a good description of the smooth terminating bands in the neutron-deficient Z = 49-54 nuclei [32] .
The Lublin-Strasbourg drop (LSD) model [36] is employed for the macroscopic energy, with the rigid-body moment of inertia calculated with a radius parameter of r 0 = 1.16 fm and a diffuseness of a = 0.6 fm [34] .
The calculated configurations are labeled relative to the 114 Sn core by the shorthand notation [p 1 from the N = 64 neutron core become important for the highest-spin states.
B. Aligned and antialigned terminating states
The experimental excitation energies of structure 4a relative to a rotating liquid drop reference above I π = 41/2 + are presented in the upper panel of Fig. 6 + are well reproduced. These states are built from the fully aligned proton and neutron configurations listed above and illustrated in Fig. 7 .
The favored state with I π = 47/2 + probably has the [1,5] configuration, as displayed in the middle panel of Fig. 6 . It is calculated low in energy for I π = 47/2 + at a deformation of ε 2 = 0.18; i.e., I + state. The structures were calculated for deformations close to their respective equilibrium, as given in the three panels. less favored in energy for I > 51/2 and has no experimental counterpart. The favored signature, α = +1/2, of the [1, 5] configuration is assigned to the high-spin states of band 4a.
The difference between experiment and calculations is displayed in the lower panel of Fig. 6 . The calculated energies are approximately 1 MeV low compared to the observed values. This difference lies within the same range as observed for terminating bands in this as well as in other mass regions [11, 34] and should be further explored theoretically.
The negative-parity yrast band 6 terminates at I π = 59/2 − . This is the maximum spin that can be generated for negative parity by aligning all nine particles outside the 114 Sn core. The configuration of this maximally aligned state is obtained by combining the 23/2 − and 18 + states listed above, with the occupancy of the valence orbitals illustrated in the tilted Fermi surface diagram of Fig. 7 .
The calculated energies for the corresponding configuration are found in the middle panel of Fig. 8 , which agree rather well with the experimental data displayed in the upper panel. The difference between experiment and calculations is shown in the lower panel; again, the differences lie in the range of 1 MeV.
At Potential energy surfaces (PES) for the configuration [1, 4] are displayed in Fig. 9 . At low spin, up to I π = 39/2 − , a small collectivity is observed (γ ≈ 45
• for I π = 35/2 − , 39/2 − ). A noncollective oblate minimum with γ = 60
• appears for I π = 43/2 − , which is a state with one antialigned neutron, as discussed above. At I π = 47/2 − , this minimum is observed with γ = 15
• . With increasing spin it migrates gradually toward lower collectivity and, finally, becomes oblate at I π = 59/2 − , where the configuration terminates. The shift of the minimum in the PES calculations toward smaller deformation with increasing spin is correlated with a decrease in the occupancy of high-orbitals driving the nucleus toward larger deformation. For example, both of the strongly deformation-driving m i = ±11/2 states are occupied in the noncollective 43/2 − level while only the m i = +11/2 orbital is involved in the fully aligned 59/2 − state.
C. Core-excited states
Several high-energy γ rays feeding the maximally aligned states at I π = 59/2 − and 61/2 + have been observed. However, the parity of these states could not be determined. Their excitation energies relative to a rotating liquid drop reference are displayed in the upper panel of Fig. 10 . As discussed above, the maximally aligned terminating states are generated by aligning the angular momenta of all the valence nucleons outside the 114 Sn core. To generate higher angular momenta, neutrons from the orbitals of g 7/2 d 5/2 character below the N = 64 neutron shell gap have to be excited to the d 3/2 s 1/2 or h 11/2 orbitals above the gap.
A systematic investigation has been carried out for the core-excited configurations with one to four neutrons excited across the N = 64 gap. Examples from these calculations are found in the lower panel of Fig. 10 Fig. 10(b) , whereas only the favored signature is shown for the other two configurations. The distribution of the neutrons in the [1,5d 2 3/2 ] configuration, which terminates at I π = 67/2 + , is illustrated in Fig. 7(b) . The rotational bands resulting from two holes in the N = 64 neutron core generally lie at a somewhat higher energy as demonstrated for the [1,6d Another possibility is to consider configurations with either no or two h 11/2 protons. In order to feed the terminating I π = 59/2 − and 61/2 + states, they have to be combined with high-spin neutron configurations to result in states with I max > 59/2. However, these states lie rather high in energy, as exemplified by the [2,4d The configurations drawn in Fig. 10 are just examples of the low-lying core-excited states. However, other calculated levels lie in the order 1.5 MeV or more above the terminating I π = 59/2 − and 61/2 + states, when drawn, as in Fig. 10 , with a reference subtracted. The observed states, displayed in the upper panel of the figure, appear at a lower energy, indicating that the N = 64 neutron gap is calculated somewhat too large with the present parameters.
High-spin states in neighboring 125 I were recently established up to I = 95/2 [11] . However, a pattern of several core-excited levels feeding the maximally aligned states was not observed in this nucleus. The configuration π (g 7 orbitals lead to antialigned pairs. This implies that the excitations from the N = 64 core to the valence orbitals are not favored due to a rather limited addition of angular momentum.
At higher excitation energies, it is favorable to excite particles from the g 7/2 d 5/2 to the h 9/2 f 7/2 and i 13/2 orbitals across the N = 82 neutron shell gap, leading to highly deformed bands in 125 I [20] . Deformed bands of this type have also been observed in 123 I. They will be discussed in a forthcoming publication [28] .
V. SUMMARY
The level scheme of 123 I has been extended for both parities up to the maximum spin available within the valence space. At high spin, this nucleus develops into structures with a weakly deformed oblate shape. Band-terminating states have been observed at I π = 53/2 + , 59/2 − , and 61/2 + . These states are favored in energy relative to a rotating liquid drop reference. Their structure is well understood from comparisons with CNS calculations. In addition, lower-lying states with I π = 43/2 − , 47/2 − , and 47/2 + have been tentatively assigned as noncollective states where one particle is antialigned.
Several dipole transitions of energies in the range of 1.0-1.7 MeV have been observed, feeding the energetically favored I π = 61/2 + and 59/2 − terminating states. The fact that these states are fed by several transitions with intensities which are much smaller than the intensity of the transition de-exciting the state is a fingerprint that they correspond to the termination of a configuration. CNS calculations indicate that these transitions originate from configurations involving a core-breaking neutron particle-hole excitation, from the g 7/2 d 5/2 to the d 3/2 s 1/2 or h 11/2 orbitals across the semimagic N = 64 neutron shell gap.
